196/200 words) 20 Resting-state functional connectivity (FC) has become a major fMRI method to study 21 network organization of human brains. There is recent interest in the temporal 22 38 39 Keywords: calcium imaging, BOLD, resting state, functional connectivity, stationarity 40 41 Semrock, Lake Forest, Illinois) for calcium signals. Data were acquired for 30-60 min 131 per animal (5 min per scan). 132 133 Data Preprocessing 134
fluctuations of FC calculated using short time-windows ("dynamic FC") because it 23 could provide information inaccessible with conventional "static" FC that is typically 24 calculated using the entire scan lasting several tens of minutes. Although multiple 25 studies have revealed considerable temporal fluctuations in FC, it is still unclear 26 whether the fluctuations of FC measured in hemodynamics reflect the dynamics of 27 underlying neural activity. We addressed this question using simultaneous imaging of 28 neuronal calcium and hemodynamic signals in mice, and found coordinated temporal 29 dynamics of calcium FC and hemodynamic FC measured in the same short time 30
windows. Moreover, we found that variation in transient neuronal coactivation patterns 31 (CAPs) was significantly related to temporal fluctuations of sliding window FC in 32
hemodynamics. Finally, we show that observed dynamics of FC cannot be fully 33 accounted for by simulated data assuming stationary FC. These results provide evidence 34 for the neuronal origin of dynamic FC and further suggest that information relevant to 35 FC is condensed in temporally sparse events that can be extracted using a small number Several studies have also questioned whether the apparent "dynamics" of FC 70 calculated using the sliding window method is related to temporal instability of Laboratory (Sacramento, CA). These mice were crossed and all cortical excitatory 105 neurons expressed GCaMP3. Mice (P60-P90) were prepared for in vivo wide-field 106 simultaneous imaging. Anesthesia was induced with isoflurane (3 %) and maintained 107 with isoflurane (1 -2 % in surgery, 0.5 -0.8 % during imaging) and chlorprothixene 108 (0.3 -0.8 mg/kg, intramuscular injection). For simultaneous imaging of calcium and 109 hemodynamic signals, a custom-made metal head plate was attached to the skull using 110 dental cement (Sun Medical Company, Ltd, Shiga, Japan) and a large craniotomy was 111 made over the whole cortex. The craniotomy was sealed with 1 % agarose and a glass 112 coverslip. During the imaging, body temperature was maintained by a heat pad. All 113 experiments were carried out in accordance with the NIH Guide for the Care and Use of 114 Laboratory Animals, the institutional animal welfare guidelines set forth by the Animal 115
Care and Use Committee of Kyushu University, and the study was approved by the 116 Ethical Committee of Kyushu University. 117 118
Simultaneous Calcium and Intrinsic Signal Imaging 119
The data for simultaneous imaging of calcium and hemodynamic signals was taken 120 from a published report (Matsui et al. 2016). Briefly, simultaneous imaging of calcium 121 and intrinsic signals in vivo was performed using a macro zoom fluorescence 122 microscope (MVX-10, Olympus, Tokyo, Japan) or an upright fluorescence microscope 123 (ECLIPSE Ni-U, Nikon, Tokyo, Japan), equipped with a 1x objective. A 625 nm LED 124 light source was used to obtain intrinsic signals. GCaMP was excited by a 100 W 125 mercury lamp through a GFP mirror unit (Olympus). Intrinsic signal data was collected 126 at a frame rate of 5 Hz using a CCD camera (1,000m; Adimec, Boston, MA, U.S.A.) 127 and calcium signal data was collected at a frame rate of 10 Hz using a CCD camera 128 (DS-Qi1 Mc; Nikon). The emission filters were 625 nm long pass (SC-60, Fuji film, 129
Tokyo, Japan) for intrinsic signals, and 505-535 nm band pass (FF01-520/35-25, 130 described previously (Matsui et al. 2016) . Briefly, all the image frames were corrected 136 for possible within-scan motion by rigid-body transformation. Calcium and 137 hemodynamic images were then coregistered by rigid-body transformation using 138 manually selected anatomical landmarks that were visible in both images (e.g., 139
branching points of blood vessels). All of the images were then spatially down-sampled 140 by a factor of two. Pixels within the cortex (at this point including large blood vessels 141 including the sinus) were extracted manually. For both calcium and hemodynamics, 142 ( Supplementary Fig. 1 ). Each ROI was a 6 × 6 pixel square (0.5 mm × 0.5 mm) 155 centered at a selected coordinate. The time course for each ROI was calculated by 156 averaging the time courses of pixels within the ROI that corresponded to gray matter. 157
ROIs located outside of the FOV were discarded. 158 159
Analysis of FC 160
For both calcium and hemodynamic signals, FC was calculated using a standard 161 contributing the clustering result. K-means clustering was applied in the same manner to 208 the simulated data that was matched in size to the real data. The cluster validity index 209 was used to evaluate the quality of clustering for the range of cluster numbers (k = 2-10). 210
The cluster validity index was computed as the average ratio of within-cluster distance 211 to between-cluster distance. 212
Non-stationarity of spontaneous neuronal signal correlation was assessed by 213 calculating multivariate kurtosis using the same procedure as described by Laumann 214 and colleagues (Laumann et al. 2016). One value of kurtosis was calculated for each 215 FC-matrix (using all 38 ROIs) obtained each scan. The same procedure was applied to 216 the simulated data that was matched in size to the real data. 217
218

Time Course Simulation 219
To obtain a null dataset to evaluate the non-stationarity of the real data, we constructed data. This procedure produces simulated data that are stationary by construction but 226 matched to real data in the covariance structure and mean spectral content. 227
Consistent FC dynamics in calcium and hemodynamic signals 230
Transgenic mice expressing GCaMP in neocortical neurons were used to simultaneously 231 measure neuronal calcium signal and hemodynamics in a large portion of bilateral 232 neocortex ( To further examine the consistency between the dynamics of FC in calcium and 246 hemodynamics in the entire neocortex, we calculated FC among all pairs of ROIs and 247 compared them across time windows ( Fig. 2A-B ). The ROI-based FC-matrices in 248 calcium and hemodynamics both showed variability across time windows. On the other 249 hand, FC matrices in calcium and hemodynamics within each time window were similar. 250
If the dynamics of FC in calcium and hemodynamics were matched, the similarity 251 between calcium and hemodynamic FC in the same time window should be higher than 252 that calculated using different time windows (e.g., similarity between Ca-FCwindow#1 and 253
Hemo-FCwindow#1 would be higher than the similarity between Ca-FCwindow#1 and 254
Hemo-FCwindow#2). Otherwise, the similarity between FC-matrices in calcium and 255 hemodynamics merely reflects the overall similarity of FC in calcium and 256 hemodynamics but not the coordinated dynamics of calcium and hemodynamic FC. 257
Across all the data, we found that the distribution of the correlation coefficient between 258 the FC-matrices in calcium and hemodynamics was shifted toward positive values 259 compared with that calculated with the scan-shifted data (P < 10 -14 , 260
Kolmogorov-Smirnov test; Fig. 2C ). The difference between the real data and the 261 sign-rank test; Fig. 2D ) and was seen across various window sizes ranging from 1 sec to 263 60 sec ( Fig. 2E ). Together these results suggest that temporal variability in 264 both calcium and hemodynamic signals, we found cluster validity index of real data to 325 be significantly smaller than that of simulated data (Fig. 5B ), suggesting that the real 326 data had cluster structure that could not be fully accounted for by sampling error. 327
If the kurtosis of real data were larger than that of simulated data that is stationary by 329 construction, the non-stationarity of the real data is implied. We found that the kurtosis 330 of the real data was significantly higher than that of the simulated data (P < 10 -11 for 331 both, sign rank test, n = 64 scans; Fig. 5C ). Together, these results suggest that 332 dynamics of FC arise from non-stationarity of spontaneous neuronal activity, and 333 analyses based on sliding window correlation have the potential to detect 334 non-stationarity. 335
In the present study, we used simultaneous imaging of calcium and hemodynamic 338 signals to show that temporal fluctuations in hemodynamic FC calculated in a short 339 time window closely follow that of calcium FC, suggesting the neuronal origin of 340 dynamic FC. We have further shown that the spatial pattern of hemodynamic FC in a 341 short time window is predicted by averaging transient coactivations in the calcium 342 signal (CAPs) contained within the same time-window suggesting that temporally 343 interspersed transient neuronal events underlie resting-state FC. Finally, we have shown 344 that in both calcium and hemodynamic signals, statistical properties of FC calculated in 345 a short time window was significantly different from that obtained with simulated 346 signals that were stationary by construction. These results advocate for the analysis of 347 the dynamic aspect of FC obtained in human fMRI experiments. Insights of the 348 neuronal events underlying dynamic FC provided by the present study would also be 349 informative for developing appropriate analysis methods for dynamic FC. 350
351
Relationship to previous investigations of the neuronal origin of dynamic FC 352
To provide direct evidence linking neuronal activity and dynamic FC, several 
